Frequency Dependences of Ultrasonic Wave Velocity and Attenuation in Fiber Composites. Theory and Experiments by Huang, W. & Rokhlin, S. I.
FREQUENCY DEPENDENCES OF ULTRASONIC WAVE VELOCITY AND 
ATTENUATION IN FIBER COMPOSITES. THEORY AND EXPERIMENTS 
W. Huang and S.l. Rokhlin 
The Ohio State University 
Nondestructive Evaluation Program 
Columbus, Ohio 43210 
INTRODUCTION 
In high temperature composites interphases are added between the fibers and the 
matrix to improve their thermal and mechanical properties. Chu and Rokhlin have 
determined interphasial elastic properties and interphasial damage for ceramic and 
intermetallic matrix composites by measuring bulk wave phase velocities along 
different directions in the composites [1, 2, 3,4]. Effective interphasial moduli were 
found from velocity data using micromechanical models. More recently, fatigue 
damage in the fiber-matrix interphases in SiC/Ti-15-3 composites has been assessed 
using both the ultrasonic wave velocity and scattering (attenuation) measurements as 
functions of the stages of the fatigue life cycle [5, 6]. It has been found that the 
velocity and attenuation (scattering) of ultrasonic waves in these composites are very 
dependent on the interphase properties due to the large diameters of the fibers. On 
the other hand the frequency dependences of the wave velocity and attenuation have 
not been fully studied experimentally. 
In this work, we perform an experimental study of the frequency dependences 
of velocity and attenuation in unidirectional SiC/Ti composites. The measurements 
have been done both in and perpendicular to the fiber direction in the frequency range 
of 5-15 MHz. The experimental results are compared with the predictions of existing 
models. 
SAMPLE DESCRIPTION AND MEASUREMENT TECHNIQUE 
The unidirectional composite samples are titanium alloy matrix reinforced with 
about 24% SiC fibers (SCS-6). The fibers are distributed randomly as shown by the 
scanning electron micrographs (SEM) in Fig. 1. Each fiber is 140 11m in diameter, 
consisting of a carbon core and a SiC shell. In addition, there exists a 3 Jim carbon-
rich interphasial layer between the fiber and the matrix. Ultrasonic scattering from 
grains in the matrix has been found negligible, so scattering from fiber-matrix 
interphases determines the frequency dependences of wave attenuation and velocity 
in this composite system. The transverse properties of the different fiber phases and 
of the matrix are listed in Table 1. The titanium alloy matrix properties are obtained 
experimentally for a piece of pure matrix sample cut from the same composite. The 
fiber core and shell properties are obtained from published data. The interphase 
moduli, which are in-situ properties, are found from velocity data measured along 
different directions in the planes perpendicular and parallel to the fibers. The bulk 
wave velocity measurement method and the procedure for determination of interphasial 
properties have been described in [1, 2, 3, 4]. The longitudinal and "transverse velocity 
data used to obtain the interphase moduli are shown in Fig. 2. The measurements 
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Figure 1. SEM photograph of a SiC/Ti unidirectional composite sample. 
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Figure 2. Measured bulk wave velocity data versus propagation angle in the 
composite in planes (a) perpendicular to and (b) parallel to the fibers. 
Table 1. Transverse properties of each phase in a SCS-6/Ti composite. 
Phase ' Crr (CPa) Gt (CPa) p (glee) rTfLrriT 
core (carbon) 49 16 1.7 18 
shell (SiC) 446 177 3.2 68 
interphase (carbon-rich coating) 31 4.6 2.1 71 
matrix (titanium alloy) 193 45 5.4 
where Crr is the radial modulus, Gt is the transverse shear modulus, p is the density 
and r the radius of the boundary of that phase. 
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are done using a 5 MHz immersion transducer where two types of specimens are used: 
one is with fibers in the through-thickness direction (close circles in Fig. 2), the other 
has fibers parallel to the sample surface (open circles in Fig. 2). As a result of the 
carbon anisotropy an unusually high interphasial radial-to-transverse shear modulus 
ratio is observed (see Table 1). The interphasial moduli obtained are "effective" in the 
sense that they include the effect of the imperfect contact between the interphase and 
the surrounding media. 
Immersion ultrasonic wave attenuation and velocity measurements were performed 
in the through-thickness direction at normal incidence using the through transmission 
setup. The samples are mounted on a rotation table which is interfaced with a host 
computer via a DC motor controller. Alignment is achieved by maximizing the 
reflection echo received by each transducer in the pulse-echo mode. Excitation and 
reception of the signals is done using a Panametrics 5052PR pulser-receiver and a 
LeCroy 9400 digital oscilloscope. The amplitude spectrum of the received signal is 
obtained from an FFT of the time-domain signal after digitization and averaging. The 
water temperature is stabilized at 29.8 ± 0.10 during measurements. 
The through-transmitted signals were measured twice for each experiment, once 
with the sample present (Tl(t)) and once without the sample (To(t)). The phase 
velocity V';,(f) in the composite sample is calculated using the phase spectrum of the 
deconvolved results between Tl (f) and To(f) as 
(1) 
where f is the frequency, h the sample thickness, cfJ(·) the phase of a complex number, 
Vo = 1.51 Km/s - longitudinal wave velocity in water, 11, the correction integer for 
spurious "21r" errors, and to and tl are the time shifts of signals To(t) and T1(t). 
The attenuation o:(f) in this composite is found by 
o:(f) = In[ITo(f)/T~(f)I' t· D], (2) 
where t is the energy transmission coefficient for the sample-water interface. We 
calculated t as a function of frequency using the measured velocity V';,(f) in the 
composite. D is the beam diffraction correction for these two through-transmitted 
signals (D is only significant in the low frequency limit and is calculated using Bass's 
diffraction expression [7]). 
ATTENUATION AND VELOCITY OF WAVES PROPAGATING 
PERPENDICULAR TO THE FIBERS 
Theory 
Huang and Rokhlin have analyzed the low frequency ultrasonic scattering from 
a fiber-matrix interphase in a 4-phase composite system consisting of a matrix and a 
3-phase fiber as discussed in [8, 9]. Once the scattering coefficients An (for the longi-
tudinal mode) and En (for the transverse mode) are found the scattering cross-section, 
which is defined as the total power scattered per unit length divided by the incident 
wave intensity (power per unit area), is found to be 
(3) 
where q{ and qt are the scattering cross-sections for longitudinal and transverse waves 
respectively, and k'[' is the wave number of the incident wave (longitudinal or shear). 
If the individual scatterers (fibers) can be regarded as independent of each other, 
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then the attenuation a of a plane wave propagating perpendicular to the fibers in an 
unidirectional composite can be found as [10] 
a R:i ~n.(ql + qt), n. = --;. - number of scatterers per unit area, (4) 
2 ~rf 
where c is the fiber fraction and r[ is the radius of the fiber including the interphase. 
The independent scattering formula is valid only when the fiber fraction is small, or 
when the impedance difference between the fiber and matrix is small so that the fibers 
can be considered as weak scatterers rendering multiple scattering effects negligible. 
Note that the independent scattering model will not yield any frequency dependence 
of the velocity of the propagating wave since this wave is defined in the matrix 
material and independent of the fibers. 
In cases where the fibers become sufficiently dense and closely spaced and when 
the wavelength becomes comparable with fiber size, the fibers (scatterers) will not act 
independently. Thus the effects of multiple scattering must be considered. Much work 
has been devoted to this topic since 1940s [11, 12, 13, 14, 15]. Here we focus on the 
Waterman-Truell approach which solves for the wave number of an averaging wave in 
a multiple-scatterer medium. For a unidirectional composite with N identical 
randomly distributed fibers, the multiple scattering field yields a complex wave 
propagation constant f3 = wjVe + ia as 
(fi)2 = [1 _ 2 i n. 1(0)]2 _ [2 i n. I(~)f 
k k 2 k 2 
Here 1(0) and f(~) are the forward and backward scattering amplitude calculated 
from a single fiber embedded in a matrix with wave number k: 
00 00 
n=-oo n=-oo 
(5) 
(6) 
Here in the parentheses An is used for a propagating longitudinal mode and En for the 
transverse mode. One sees from equation (5) that both v" and a are dependent on 
frequency. 
For systems with high concentration of scatterers, solutions (5) exhibit incorrect 
behavior by giving the incorrect limit as the scatterer density reaches unity (the full-
packed case). The reason is that the forward and backward scattering amplitudes are 
solved for a single scatterer embedded in matrix material which is not quite true for 
the high concentration limit. An approximate solution to this problem has been given 
by Sayers and Smith [14] where they define the medium surrounding the scatterers in 
a self-consistent manner as shown in Fig. 3(a). In other words, instead of using the 
wave number of the matrix material for kin (5), one uses the wave number of the 
unknown effective medium ke • Self-consistency requires the wave number of the 
averaged wave passing through the composite f3 = ke allowing (5) to be solved for f3 
in a self consistent manner. 
One recent modification of the multiple-scattering model is proposed by Mal and 
Yang [15] to solve the problem that (5) or the self-consistent multiple scattering model 
do not give correct static velocity limits to the well-known static solutions for 
composite moduli. In this approach the static generalized self-consistent model [16] is 
applied in the Waterman-Truell multiple scattering formula. Specifically a composite 
cylinder consisting of the fiber as the core and matrix material as the annulus is 
considered embedded in the effective medium as shown in Fig. 3(b). The density of 
the effective medium is taken the same as the composite, the forward and backward 
scattering amplitudes 1(0) and I(~) are solved for scattering from the composite 
cylinder by waves incident from the effective medium and (5) is solved in a self-consistent 
manner. In this way, all the static solutions given in [16] are met by the static limits 
of the longitudinal and transverse wave velocities. 
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Figure 3. (a) Self-consistent Model. (b) Generalized self-consistent (GSC) model. 
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Figure 4. Measured frequency dependences of longitudinal wave (a) velocity and (b) 
attenuation (the open circles). The theoretical predictions are given by either solid 
or dashed lines. 
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Experimental Results 
The wave velocity and attenuation measurements have been performed on 
several samples with different thicknesses cut from the same composite panel using 
two pairs of transducers: 10-15 MHz and 5-10 MHz. The results for different samples 
are similar. The typical result for the longitudinal wave velocity and attenuation (in 
Np/cm) versus frequency is shown in Fig. 4 by open circles for one sample with 
thickness h = 2.74 ffiffi. Note that the averaged values are shown for the frequency 
range where the results obtained using the two transducer pairs overlap. One sees from 
Fig. 4( a) that the measured velocity has little dispersion except for a slight drop at 
higher frequencies. Since only the generalized self-consistent multiple scattering 
approach gives the correct static limit for the wave velocity, the predicted velocity 
data calculated by this model is shown by a solid line in the figure. The properties 
of each phase used in the calculations are the same as those in Table 1. One sees that 
the agreement between the experiments and theory is good. 
In Fig. 4(b) the attenuation spectrum calculated using the independent scattering 
model is shown by a solid line and that calculated usin& the generalized self-consistent 
model shown by a dashed line. One sees from Fig. 4(b) that agreement between the 
independent scattering theory (the solid line) and experiment is very good in the 
frequency range measured. Two reasons contribute to this. One is that although the 
fiber fraction is not very small (24%), the impedance difference between the fiber and 
the matrix is small (37 g/cc . Km/s versus 32 g/cc . Km/s); thus the fibers can be 
considered as weak scatterers. The other is that the greatest fiber-radius-to-wavelength 
ratio is less than 0.2 in the frequency range measured; thus the scattering can be treated 
as a low frequency phenomenon. One also sees from the figure that the generalized self-
consistent model (the dashed line) gives much lower attenuation as expected. This 
is due to the impedance difference between the composite cylinder and the effective 
medium being even smaller. 
VELOCITY AND ATTENUATION OF WAVES IN THE FIBER DIRECTION 
Similar measurements were also performed for waves propagating along the fibers. 
As an example the time domain signals of the directly through-transmitted wave 
without the sample (To(t)), the through-transmitted wave with the sample (Tl(t)) and 
the through-transmitted wave after complete internal reflection inside the 
sample (T2(t)) measured using a pair of 15-20 MHz transducers are shown in Fig. 5. 
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Figure 5. The through-transmitted signals for waves propagating along the fibers. 
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One sees from the through-transmitted signals Tl(t) and T2 (t) in Fig. 5 that there 
exists a very strong dispersion for waves in the fiber direction; specifically, the lower 
frequency part of the wave has higher velocity and arrives earlier, resulting in a greater 
period in the initial part of the through-transmitted signal than the later part of the 
signal. The second through-transmitted signal T2(t) is garbled with noise from 
multiply scattered signals inside the composite so that its precursor is unidentifiable. 
Therefore we will only use the directly through-transmitted signals with (Tl (f)) and 
without the sample (To(f)) for determination of both wave velocity and attenuation 
in the composites. 
Typical results for the longitudinal wave velocity and attenuation (in Np/cm) 
versus frequency are shown in Fig. 6 by open circles for one sample with thickness 
h = 2.79 mm. One sees from Fig. 6(a) that the measured velocity has strong 
dispersion in the frequency range measured. The closed square on the vertical axis is 
the static limit of the velocity calculated using Christensen's generalized self-consistent 
method. The dashed line is the wave velocity in the matrix. The experimental data 
show that the wave velocity drops significantly from its static limit as frequency 
increases, approaching the wave velocity in the matrix. The solid line in Fig. 6( a) is 
the predicted results by the approximate continuum mixture theory [17]. One sees 
from the figure that this theory (the solid line) gives good agreement with the 
experimental data at low frequencies. At higher frequencies the discrepancy increases 
significantly. As shown in [17], a first order approximation in fiber-radius-to-wavelength 
ratio is taken to derive the dispersion equation for the lowest axisymmetric mode, 
where the fiber radius here is for the composite cylinder as shown in Fig. 3(b) (about 
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Figure 6. Measured frequency dependence of longitudinal wave (a) velocity and (b) 
attenuation (the open circles). The solid line is calculated using the continuum 
mixture theory. Attenuation perpendicular to the fibers are given by closed circles. 
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146 /-lm). Thus this ratio can be as high as 0.5 in the frequency range measured. The 
exact solution [18] has been shown in [17] to a give much lower velocity than that 
predicted by the approximate continuum mixture theory around this range for a quartz 
fiber reinforced phenolic. Therefore it is possible that the experimental data may agree 
much better with the predictions by the exact mode!. 
In Fig. 6(b) the attenuation spectrum measured for waves propagating both in 
and perpendicular to the fibers are given together for comparison. One sees from this 
figure that at low frequencies (5 MHz < f < 10 MHz) where most of the pulse energy 
is concentrated, waves in the fiber direction have much smaller attenuation than those 
propagating perpendicular to the fiber direction. 
CONCLUSIONS 
In this work, we have performed velocity and attenuation measurements in 
unidirectional SiC/Ti composites (fiber fraction 24%) in the frequency range of 5-15 
MHz. For waves propagating perpendicular to the fibers the dispersion is found to be 
insignificant. The wave velocity data are very close to those predicted by the 
generalized self-consistent multiple scattering model, while the attenuation data are 
close to those predicted by the independent scattering model at low frequencies. For 
waves propagating along the fibers the dispersion is significant. The wave velocity data 
show a continuous decrease from the static limit as frequency increases, approaching 
the velocity in the matrix. Such behavior is predicted at low frequencies by the 
approximate continuum mixture theory and better agreement to the exact solution 
may be expected. At low frequencies (J < 10 MHz) wave attenuation in the fiber 
direction is much smaller than perpendicular to the fiber direction. At higher 
frequencies the attenuation in the fiber direction increases rapidly accompanied by 
strong dispersion. 
REFERENCES 
1. Y.C. Chu and S.l. Rokhlin, J. Acoust. Soc. Am. 92,920 (1992). 
2. Y.C. Chu, S.l. Rokhlin and G.Y. Baaklini, J. Eng. Mat. Tech. ll5, 237 (1993). 
3. Y.C. Chu and S.l. Rokhlin, J. App!. Phys. 76,4121 (1994). 
4. Y.C. Chu and S.l. Rokhlin, "Characterization of Fiber-matrix Interphases in 
High-Temperature Composites: Experiment and Analysis", this volume. 
5. S.1. Rokhlin, Y.C. Chu and W. Huang, in Symposium on Wave Propagation 
and Emerging Technologies, AMD-Vo!. 188, eds. V.K. Kinra, R.J. Clifton and 
G.C. Johnson (ASME 1994), 29. 
6. Y.C. Chu, A.1. Lavrentyev and S.l. Rokhlin, "Ultrasonic Characterization of 
Interfacial Fatigue Damage in Metal Matrix Composites", this volume. 
7. R. Bass, J. Acoust. Soc. Am. 30,602 (1958). 
8. W. Huang and S.1. Rokhlin, "Effect of Fiber/Matrix Interphase on Low 
Frequency Ultrasonic Wave Scattering: Spring B.C. Approach", this volume. 
9. W. Huang and S.1. Rokhlin, J. Acoust. Soc. Am., 97(2), (1995). 
10. R. Truell, C. Elbaum and B.B. Chick, Ultl'asonic Methods in Solid State 
Physics (Academic Press, New York, 1969). 
ll. 1.L. Foldy, Phys. Rev. 67,107 (1945). 
12. R.J. Urick and W.S. Ament, J. Acons. Soc. Am. 21, 115 (1949). 
13. P.C. Waterman and R. Truell, J. Math. Phys. 2,512 (1961). 
14. C.M. Sayers and R.1. Smith, Ultrasonics 20. 201 (1982). 
15. A.K. Mal and R.B. Yang, in Review of Progress in QNDE, Vol. 13, eds. 
D.O. Thompson and D.E. Chimenti (Plenum Press, New York, 1994), 1453. 
16. R.M. Christensen, Mechanics of Composite Materials, 2nd edition, (Krieger 
Publishing, Malabar, FL 1991). 
17. G. A. Hegemier, G.A. Gurtman and A.H. Nayfeh, Int. J. Solids Structures 9, 
395 (1973). 
18. O. Hoffman, J.A. DeRuntz, D.T. Liu, A.R. Hunter and E.L. Kyser, "Study of 
Advanced Filament-Reinforced Materials", Lockheed IVIissiles and Space 
Company. Report No. LMSC-N-5M-70-2 (1970). 
1240 
